Background--Blood pressure (BP) trajectories derived from measurements repeated over years have low measurement error and may improve cardiovascular disease prediction compared to single, average, and usual BP (single BP adjusted for regression dilution). We characterized 10-year BP trajectories and examined their association with cardiovascular mortality, all-cause mortality, and life years lost.
T he relation between arterial blood pressure (BP) and cardiovascular disease (CVD) has been investigated in many cohorts. The Prospective Studies Collaboration reported a 1.5 to 2 times higher coronary heart disease mortality risk per 20 mm Hg difference in systolic BP level. 1 A previous report from the Seven Countries Study indicated a 1.7 times higher coronary heart disease mortality risk per 20 mm Hg difference in systolic BP level. 2 In both studies, BP was based on resting BP obtained on a single occasion in midlife and relative risks were adjusted for regression dilution. 3 Compared to single BP assessment adjusted for regression dilution, patterns of BP over time (ie, BP trajectories) may have greater power in predicting CVD. 4 In the Minnesota
Business and Professional Men Study and the Zutphen Study, BP was recorded annually over a 10-year period. 5, 6 The Minnesota Study started in 1947 and the Zutphen Study in 1960, a time in which only exceptionally high levels of BP were treated. 7, 8 In 2002, the last Minnesota man died and by 2010, 98% of the Zutphen cohort had died. These "extinction" cohorts provide a unique opportunity to study not only the predictive value of BP trajectories in relation to CVD mortality and all-cause mortality, but also in relation to life years lost.
The aim of the present study was to characterize trajectories of systolic and diastolic BP based on annual resting BP measurements over a 10-year period and to investigate the association of these BP trajectories with CVD mortality, allcause mortality, and life years lost in 2 cohorts of middle-aged men followed to "extinction." Moreover, we compared these associations with those of single BP (defined as BP measured at baseline), average BP (defined as the average of all available BP levels during the 10-year period), and usual BP (defined as single BP adjusted for regression dilution) with CVD mortality, allcause mortality, and life years lost.
Methods

Design and Study Populations
An overview of the study design is given in Figure 1 . We aimed to replicate the results of the Minnesota cohort in those of the Zutphen cohort. BP was measured annually in the periods in Minnesota and 1960-1970 in Zutphen. Therefore, a 10-year period was chosen to model BP trajectories in both cohorts.
Minnesota Study
In 1947, business and professional men from the upper socioeconomic class who resided in Minneapolis and St. Paul, MN, were recruited for an epidemiologic program to cover 300 men. Detailed information about the study design is described elsewhere. 5 In total, 285 clinically healthy men, aged 45 to 55 years, participated in the Minnesota Business and Professional Men Study, subsequently referred to as the Minnesota Study. In the first decade, 15 men died and 4 men had had myocardial infarction; we excluded these men from analysis. No one had a medical history of stroke. In addition, 5 men were excluded for having <5 BP recordings during 1947-1957, leaving 261 men for analysis.
Zutphen Study
In 1960, a longitudinal investigation on coronary heart disease risk factors was begun among middle-aged men in the town of Zutphen, The Netherlands. Out of 1088 randomly selected men, aged 40 to 60 years, 878 men participated. In the first decade, 118 men died and 55 men had had myocardial infarction or stroke; we excluded these men from analysis. In addition, 73 men were excluded for having <5 BP recordings during 1960-1970, leaving 632 men for analysis. Oral informed consent was obtained, as was appropriate at baseline in both cohorts, before the Helsinki Declaration was developed.
Data Collection
Minnesota Study
Every year from 1947 through 1957, men were physically examined at the Laboratory of Physiological Hygiene at the University of Minnesota, Minneapolis, MN. 5 Men came to the Laboratory in the morning without breakfast and had avoided strenuous activity after waking. BP was recorded with men in the supine position with a mercury sphygmomanometer at the beginning of the examination after at least 10 minutes of rest. BP was recorded 3 times about 5 minutes apart. 
Outcome Ascertainment
In both cohorts, men were followed to "extinction." In Minnesota, mortality follow-up continued until the last man died in 2002. Mortality information was obtained from death certificates, hospital records, the Minnesota Department of Health, and the National Death Index. In Zutphen, mortality follow-up continued until July 1, 2010, when 12 men aged 90 to 95 years were still alive. Mortality information was obtained from the municipal population registry, hospital disease registry, general practitioners, and Statistics Netherlands. Causes of death were adjudicated by an expert in cardiovascular epidemiology (A.M.), according to the International Classification of Diseases (ICD). In Minnesota, CVD mortality included ICD-9 codes 401-459 and 798. In Zutphen, CVD mortality included ICD-8 codes 400-458 and 795. In the present analysis, mortality follow-up started 10 years after baseline in both cohorts (Figure 1 ).
Statistical Analysis
Analyses were done separately for each cohort. Over a 10-year period, systolic and diastolic BP trajectories were identified by using latent mixture modeling within the PROC TRAJ procedure in SAS.
14 This procedure identifies groups of individuals with similar trajectories. We started with a 1-trajectory model and then fitted those up to the optimal number of trajectories by comparing the Bayesian Information Criterion for each number of trajectories 14 and by comparing the number of men per trajectory. Each man was assigned to a trajectory based on the likelihood of correctly classifying men in trajectories (range of mean likelihood across trajectories: 91% to 95%). Linear and quadratic terms were considered and evaluated based on their significance level, starting with the highest polynomial. Age was used as timescale for the trajectories. Because a small fraction of men (<5% in both cohorts) was assigned to the fourth systolic BP trajectories (SBP4), the present study focused on the comparison of the third trajectories (SBP3) with the first trajectories (SBP1). Cox proportional hazards analysis was used to investigate the association of BP trajectories with risk of CVD and allcause mortality. Systolic or diastolic BP trajectories were included as dummy variables in the model using the first BP trajectories (SBP1 and DBP1) as reference.
For all men who had died during follow-up, age at death was calculated. Linear regression analysis was used to investigate the association between BP trajectories and age at death (which was normally distributed), resulting in the estimated number of life years lost per trajectory compared to mean age at death of the reference trajectory. BP trajectories were included as dummy variables in the model using the first BP trajectories as reference. For the 12 men who were still alive in Zutphen on July 1, 2010, their age in 2010 was used as age at death. Using age plus 3 years (the life expectancy for an average 90-to-95-year-old man in 2011) instead did not change the results.
In addition to BP trajectories, Cox proportional hazards analysis was used to investigate the association of single BP (BP measured at baseline), average BP (average of all available BP levels during the 10-year period), and usual BP (single BP adjusted for regression dilution) with risk of CVD and all-cause mortality. Linear regression analysis was used to investigate the association of single, average, and usual BP with the number of life years lost. Estimates were obtained for each unit difference of 10, 25, and 50 mm Hg systolic BP and 10, 15, and 30 mm Hg diastolic BP. These units were selected because they are similar to the differences in BP level between the reference trajectory and other BP trajectories at age 50 (the mean age at baseline). Average BP level was defined as the mean of all available BP levels during the 10-year period. We calculated the regression dilution ratio 3 from 11 annual BP measurements over the 10-year period to approximate the underestimate of the strength of the association between usual BP and risk of CVD mortality, all-cause mortality, and number of life years lost. The Akaike Information Criterion of proportional hazards models (single BP, average BP, and BP trajectories) were compared to investigate the best model fit.
Prediction of CVD mortality, all-cause mortality, and the number of life years lost by BP trajectories was compared between the 2 cohorts by calculating Z-scores and corresponding P values. All associations were adjusted for age, serum cholesterol, smoking status, and diabetes mellitus at baseline. Analyses were performed for both cohorts using SAS version 9.2 (SAS Institute, Inc). A 2-sided P value of <0.05 was considered statistically significant.
Results
Initial mean age was 49.4 years in both cohorts (Table 1) . Mean BP level at baseline was 17/16 mm Hg lower in Minnesota than in Zutphen. During 10 years, mean BP level increased by 11/9 mm Hg in Minnesota and 5/0 mm Hg in Zutphen. Mean body mass index was about 25 kg/m 2 in both cohorts at baseline and 10 years later. At baseline, mean serum cholesterol level was 23 mg/dL higher in Zutphen, compared to Minnesota, but levels were similar after 10 years. In Minnesota, fewer men were smokers than in Zutphen. In both cohorts, few men were diabetic (<2%). Four trajectories of systolic BP (SBP1 to SBP4) and diastolic BP (DBP1 to DBP4) were identified in both cohorts ( Figure 2 ). Trajectories consisted of increasing BP levels fanning out with age, that is, BP increased more rapidly in men with higher initial BP levels. Mean systolic BP of the 4 trajectories increased by 5 to 49 mm Hg in Minnesota and 5 to 20 in Zutphen from age 50 to 60. For diastolic BP, these 10-year increases were 6 to 26 mm Hg in Minnesota and 2 to 12 mm Hg in Zutphen.
During a mean (AESD) follow-up of 20.9AE10.0 years, all Minnesota men had died, of whom 137 (52.5%) died from CVD. During a mean follow-up of 18.8AE9.6 years, 623 Zutphen men had died (98.1%), of whom 282 (44.6%) died from CVD. In both cohorts, CVD mortality rate was %25 per 1000 person-years and all-cause mortality rate was %50 per 1000 person-years. Mean age at death was 79.7AE9.5 years in Minnesota and 78.3AE8.8 years in Zutphen.
Systolic BP was directly associated with CVD mortality (Tables 2 and 3 ). This association was more pronounced in Minnesota than in Zutphen. After adjustment, the third systolic BP trajectory, SBP3, was associated with a CVD mortality risk ratio of 3.8 (95% CI: 2.2 to 6.6) in Minnesota and 2.1 (95% CI: 1.5 to 2.9) in Zutphen, compared to the first trajectory (Table 2 ). For SBP3, hazard ratios were significantly higher in Minnesota than in Zutphen (P=0.03) ( Table 4 ). Each unit difference of 25 mm Hg systolic BP was associated with a CVD mortality risk ranging from 1.5 for single BP to 1.6 for usual BP in Minnesota and from 1.3 for single BP to 1.7 for average BP in Zutphen (Table 3 ). Similar patterns were found for diastolic BP. In addition to CVD mortality, systolic BP was directly associated with all-cause mortality (Tables 5 and 6 ). BP trajectories were the strongest predictors of CVD and allcause mortality in Minnesota, whereas in Zutphen, average BP was the strongest predictor (Table 7) .
Systolic BP was directly associated with life years lost (Tables 8 and 9 ). This association was more pronounced in Minnesota than in Zutphen. After adjustment, the number of life years lost associated with SBP3 was 8.1 (95% CI: 4.4 to 11.8) years in Minnesota and 3.7 (95% CI: 1.8 to 5.6) years in Zutphen (Table 8) . For SBP3, the number of life years lost were significantly higher in Minnesota than in Zutphen (P=0.01) ( Table 3 ). The number of life years lost associated with each 25 mm Hg difference in systolic BP ranged from 2.9 for single BP to 3.9 for average BP in Minnesota and from 1.7 for single BP to 2.9 for average BP in Zutphen (Table 9) . Similar patterns were found for diastolic BP.
Discussion
In 1 extinct cohort of American middle-aged men and 1 nearly extinct cohort of Dutch middle-aged men, 10-year BP trajectories were identified that were strong predictors of CVD mortality, all-cause mortality, and life years. Compared to other BP measures, 10-year BP trajectories were the strongest predictors of mortality in Minnesota. In Zutphen, however, average BP was the strongest predictor of mortality. The third systolic BP trajectory was associated with 4 times greater CVD mortality risk in Minnesota and 2 times greater risk in Zutphen, compared to the first trajectory. In both cohorts, these trajectories were associated with a 2 times greater risk of all-cause mortality. The number of life years lost between these trajectories was 8 years in Minnesota and 4 years in Zutphen. In this study, mean initial BP level in Minnesota was lower than in Zutphen. This finding was confirmed by a study in which BP levels in the Minnesota Study were compared to those in other American cohorts. 15 An explanation for these lower BP levels may be that measured BP in Minnesota was closer to basal BP levels because 3 consecutive measurements of BP separated by 5 minutes each were taken after a long period of rest. Moreover, the Minnesota Study involved highly educated men who were selected for health, whereas the Zutphen Study involved a random population sample of Zutphen inhabitants. Although BP levels were lower in Minnesota than in Zutphen, we observed relatively similar BP trajectories in both cohorts. In all 4 trajectories, BP levels increased more rapidly in men with higher initial levels. In Minnesota, these increases were more rapid than in Zutphen. For example, from age 50 through 60, mean systolic BP of the 4 trajectories increased by 5 to 49 mm Hg in Minnesota and 5 to 20 mm Hg in Zutphen. In the Framingham Heart Study, 4 trajectories were identified in 890 men aged 30 to 84 years with a maximum of 15 BP measurements per person. Systolic BP rose linearly by 5 to 23 mm Hg per 10 years within all 4 trajectories. 16 These findings were similar to those observed in Zutphen, but the associations between trajectories and cardiovascular outcomes were not investigated. The CARDIA study recently demonstrated that higher BP trajectories from young adulthood through middle age were associated with an increased risk of coronary artery calcification, a marker of subclinical atherosclerosis. 4 In our study, higher BP trajectories from middle age through old age were associated with a higher risk of CVD mortality. Since the present study focuses on middle through old age, these findings complement those of the younger CARDIA population. Moreover, the association of BP trajectories with a mortality end point, rather than a marker of CVD, was investigated in the present study.
Our findings regarding life years lost are in line with those of the Framingham Heart Study. In that study, normotensive men were expected to live 1.7 years longer than prehypertensive men and 5.1 years longer than hypertensive men. 17 The second trajectory in our study, which is comparable to the prehypertensive group in the Framingham Heart Study, was associated with 1.1 (Zutphen) to 3.1 (Minnesota) life years lost compared with the first trajectories. The third trajectory, which is comparable to the hypertensive group, was associated with 3.7 (Zutphen) to 8.1 (Minnesota) life years lost. Although similar results were observed, it should be noted that life expectancy was the outcome of the Framingham Heart Study, whereas life years lost that are based on the actual age at death was the outcome of the present study.
Due to random-within person variation in BP, the strength of the association between BP obtained on a single occasion and mortality will be underestimated. By taking the average BP or adjusting for regression dilution (usual BP), associations with CVD mortality, all-cause mortality and life years lost became stronger compared to single BP. Associations regarding BP trajectories were about twice as strong as compared to single BP. The number of life years lost according to BP trajectories was twice as high in Minnesota than in Zutphen. Moreover, we observed that BP trajectories were stronger predictors of mortality than single, average, and usual BP in Minnesota. In Zutphen, however, average BP was the strongest predictor of mortality. BP was based on 3 recordings with longer time intervals in Minnesota and on 2 recordings with shorter time intervals in Zutphen. Therefore, BP may be measured less accurately in Zutphen than in Minnesota, which has led to less valid BP trajectories in Zutphen. Another explanation could be that BP trajectories in Zutphen are quite linear, which is also captured by average BP. Therefore, the model with a long-term continuous BP variable (average BP) was superior to the model with categorical BP variables (BP trajectories) in terms of model fit. These findings indicate that measuring BP accurately is crucial for estimating the association between BP and mortality.
Cumulative BP levels over time (eg, patterns of BP) are not taken into account in recommendations for management of hypertension. In individuals younger than 60 years, the current recommendation is to start pharmacologic treatment Missing values for serum cholesterol at baseline were replaced by serum cholesterol levels measured at the consecutive year. A major strength of the present study is that detailed data on BP during a long follow-up period were collected in both cohorts. Almost everyone had died at the end of follow-up, which enabled us to investigate the association of BP trajectories with life years lost. A mean of 10 (out of 11) BP measurements per person was included to characterize 10-year BP trajectories, which indicates that the majority of men had complete BP data. Because cohorts were initiated in a time when only very high levels of BP were treated, it is unlikely that the observed associations are confounded by antihypertensive medication. A drawback of the present study is that the characterization of BP trajectories is complex. It is too time-consuming to use BP trajectories as a predictive tool in clinical settings. However, our findings on average BP and mortality emphasize the importance of repeated BP measurements from middle into old age, which is relevant for clinicians. Another drawback is the small number of participants. Few men were assigned to the fourth BP trajectories, which warrants cautious interpretation for these specific findings. It should be noted that the Minnesota men were all from the upper socioeconomic class in the metropolitan area of Minneapolis, St. Paul, which could limit the generalizability of these findings. However, we observed similar findings in the population-based Zutphen Study, which included more men with large differences in socioeconomic class.
Perspectives
In 2 cohorts of American and Dutch middle-aged men, 4 10-year BP trajectories were characterized. BP trajectories were stronger predictors of CVD mortality, all-cause mortality, and life years lost than single, average, and usual BP in Minnesota, but not in Zutphen. In general, we observed similar associations within these cohorts, emphasizing the replication of the results of 1 cohort in the other. To our knowledge, this is the first study that investigated the association of BP trajectories with CVD mortality, all-cause mortality, and life years lost. The novel approach of using data from cohorts in which participants were physically examined and followed to "extinction" provided a unique opportunity to study the association of risk factors in relation to cardiovascular health and life years lost.
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